CuInS 2 quantum dots encapsulated in ZnS shells have emerged as less-toxic alternatives to cadmiumbased nanoparticles. A well-established synthesis route for hydrophobic CIS/ZnS core/shell QDs has been developed using dodecanethiol as a ligand, solvent and source of sulfur, although the transfer of these 10 nanoparticles into the aqueous phase still proves to be non-trivial. In this study we demonstrate that coating CIS/ZnS with an amphipol, poly(maleic anhydride-alt-1-tetradecene), 3-(dimethylamino)-1-propylamine derivative is an effective method to disperse CIS/ZnS QDs in the aqueous environment. The polymer-coated QDs display good colloidal stability over a wide pH range and low sensitivity to the presence of various metal salts, except Cu 2+ for which some sensitivity is observed. Cytotoxic effects 15 were tested in HaCat cells and compared to thioglycolic acid modified CdTe/ZnS QDs. Neither CdTe nor CIS QDs decreased viability until above 10 g/mL in a WST-1 assay. By also assessing the toxicity of the PMAL-d polymer it is clear that remaining toxicity of the CIS/ZnS QDs is predominately due to the polymer coating rather than the QD core. Interestingly, MTT assays seem to artificially exaggerate cytotoxicity of the QDs, which we ascribe to the QDs interfering with the MTT or formazan crystals. 
Introduction
The The significant amount of effort invested into the study of cadmium (Cd) based quantum dots (QDs) over the past 30 years has resulted in monodisperse, chemically robust nanoparticles (NPs) with bright, tunable fluorescence that have been advocated 25 for a wide range of applications including lasers, LEDs and solar cells, as well as fluorophores for biological imaging. However, the application of Cd is becoming increasingly restricted by EU regulations designed to limit environmental and health hazards. Current environmental exposure to Cd is already significant 30 enough that urinary Cd levels in the general population approach concentrations where chronic toxicity can be expected. 1 In the case of QDs it has become apparent that Cd can eventually leach out of QDs 2 despite their encapsulation within ZnS 3 or SiO 2 4 shells, or phospholipid micelles, 5 raising environmental and 35 health and safety concerns. A recent study observing primates treated with CdSe QDs did not show any acute toxic effects; however, their spleen, kidneys, and lungs contained raised levels of toxic elements (Cd and Se) 6 , which potentially cause chronic toxicity. Many questions still remain regarding nanotoxicity and 40 the possibility for safe use of Cd-based QDs in healthcare applications is doubtful. The task therefore is to develop QDs with similar optical properties (extinction coefficient and photoluminescent quantum yield, PLQY) to Cd-based QDs from elements that are inherently less toxic. Various alternative QD 45 materials are being explored, including InP, 7, 8 Ge, 9,10 Si 11,12 and rare earth metal doped ZnS, 13 and much research is focused on analyzing the effect of surface composition on interactions between QDs and cells. [14] [15] [16] [17] Our approach has been to study CuInS 2 (CIS) QDs, 18, 19 a material 50 that has attracted attention due to its tunable bright emission within the near infrared (NIR) [20] [21] [22] [23] and apparent low toxicity in comparison to Cd-based QDs, 24 in addition to a synthesis route that is both cheap and rapid. A layer of ZnS can also easily be formed on the surface, resulting in CIS/ZnS core/shell QDs that 55 are brighter and more stable than core-only CIS QDs. [19] [20] [21] [22] However, this synthesis employs dodecanethiol (DDT) as the solvent, sulfur source and critically as the surface ligand, rendering the QDs dispersible in non-polar solvents only. General strategies for transferring hydrophobic QDs into the 60 aqueous phase include (1) ligand exchange, (2) silanization, (3) coating in lipids, or (4) encapsulation with amphiphilic polymers (amphipols). The exchange of hydrophobic ligands for hydrophilic replacements has been shown to be a successful route towards aqueous stability for various QDs; however, the 65 technique is notoriously problematic. The most promising ligand exchange studies indicate that an anaerobic environment along with precise control over both the solution pH and ligand concentration is necessary for success. 25 In addition, the ligand exchange can cause the ZnS shell to be reduced in thickness, 70 which is likely to cause an increase in the density of surface trap states and thus reduce the PLQY by the promotion of nonradiative recombination pathways. More specifically, in the case of CIS, ligand exchange is less energetically favorable than in the case of exchanging trioctylphosphine oxide (TOPO) stabilized 75 CdSe/ZnS with a -alkanethiol derivative, since DDT has a high binding affinity for ZnS and CIS. Coating QDs with SiO 2 has been demonstrated by a number of groups. [26] [27] [28] [29] The significant advantage of this technique is the low toxicity and inert nature of SiO 2 . However, the disadvantage of 5 this approach is the considerable increase in NP diameter and the lack of control over the shell thickness. Furthermore, the technique relies on there being a degree of ligand exchange on the NP surface to seed the formation of the shell. Reports have shown that DDT stabilized zinc doped AgInS 2 QDs could be 10 successfully encapsulated into SiO 2 shells to produce NPs that are water soluble and which demonstrate a low cytotoxicity to NIH/3T3 cells. 29 Tanaka et al. demonstrated that nonanethiol stabilized CIS QDs could be incorporated into the lipid bilayers of vesicles. 18 In this 15 approach the hydrophobic QDs can interact with the hydrophobic chains of the lipids. However, the limited space inside a lipid bilayer (< 4nm) forces an upper size limit on the hydrodynamic radius of the QDs (and therefore the emission wavelength). Amphiphilic polymers, or amphipols, are a class of surfactant 20 synthesized by grafting hydrophobic chains onto a polymer with a strongly hydrophilic backbone and were developed to stabilize membrane proteins in aqueous solution without the need for detergent. 30 Pellegrino et al. pioneered a novel approach to rendering nanocrystals dispersible in aqueous solutions by 25 encapsulating hydrophobic CdSe/ZnS QDs in an amphipol, specifically poly(maleic anhydride alt-1-tetradecene). 31 The existing hydrophobic ligands on the QD surface were coupled with the long hydrophobic chains of the amphipol through hydrophobic interactions, leaving the polar maleic anhydride 30 (hydrophilic) groups exposed. The creation of a second organic layer as opposed to replacing the first avoids the need for ligand exchange and as a result preserves the QD surface from corrosion and damage. The successful transfer of several hydrophobic NP types into the aqueous phase has been demonstrated by 35 employing various PMAL derivatives, 32-35 amphiphilic PEG polymers 5, 36 and alkyl modified poly-acrylic acid. [37] [38] [39] Electrostatic interactions have also been utilized in order to encapsulate QDs in polymer, for example between the positively charged side chains of poly(acrylamide) (PAM) and the 40 negatively charged mercapto-acetic acid ligands on the surface of CdSe/ZnS QDs. 40 The photostability of QDs passivated with amphipols has been shown to be significantly improved in comparison to those encapsulated in micelles. 41 In general, stability in the aqueous environment is achieved 45 through either the presence of polyethylene glycol (PEG) chains or chargeable polar groups. Both methods are effective, yet recent studies have suggested that a zwitterionic surface provides an excellent alternative to PEG since a much lower molecular weight is required in order to achieve good stability. 42, 43 In 50 addition, the resistance to non-specific protein adsorption associated with PEG coatings is also observed for zwitterionic alternatives. Furthermore, Zhou et al have demonstrated that gold nanorods with a zwitterionic phosphorylchlorine surface display an enhanced cell uptake specific to cancer cells, in addition to 55 good stability and reduced cytotoxicity (compared to GNRs coated with PEG). 43 In this study, we encapsulated CIS/ZnS QDs with the commercially available poly(maleic anhydride-alt-1-tetradecene), 44 Importantly, the CdSe/ZnS/PMAL-d NPs were also observed to have a reduced cytotoxicity to SK-BR-3 cells. 70 We extend the use of PMAL-d to the water-solubilization of dodecanethiol coated CIS/ZnS QDs and study the stability of the product NP, concentrating on the sensitivity of the optical properties to solution pH and to the presence of various metal ions in solution. from Fischer Scientific (UK). Poly(maleic anhydride-alt-1-tetradecene), 3-(dimethylamino)-1-propylamine derivative (PMAL-d) was supplied by Sigma Aldrich (MW ~12kDa). 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) was supplied by Sigma. All chemicals were used as received.
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Synthesis of CIS/ZnS/DDT QDs CIS QDs were synthesized following methods reported elsewhere. 23 Briefly, 0.1 mmol of copper (I) iodide was placed a three-neck flask. The flask was purged with argon, before the precursors (0.1mmol of indium (III) acetate, and 4 ml of DDT) were heated to 100°C, whilst (dotted and dashed/dotted lines, respectively). All PL spectra were normalised to the absorption at the excitation wavelength, to correct for any variation in concentration between samples.
being continuously stirred. After several minutes the powders were fully dissolved in the DDT and the solution turned a transparent yellow color. The solution temperature was ramped 10 up to 230 °C under argon. The temperature was maintained for a set period of time (5-60 minutes) and then rapidly cooled, the reflux time governing the size of the nanocrystals. In this case, the reflux time was set at 10 minutes to produce ~3 nm QDs. The ZnS shell was formed on the CIS NPs by introducing 0.2 mmol 15 of zinc stearate dissolved in 4 ml of ODE to the as synthesized NPs. The temperature of the solution was raised to 220 °C and maintained for 60 minutes.
Cleaning of the nanoparticles The CIS/ZnS/DDT QDs in hexane were diluted tenfold with a chloroform/methanol/acetone 20 mixture (1:1:10). The solution was then centrifuged at 4000 rpm for 10 minutes at room temperature, resulting in a QD pellet at the bottom of the centrifugation tube. The supernatant was decanted, the QDs were redispersed in hexane and the process was cycled at least three times. The hydrophobic QDs were 25 stored at 8 °C in the dark. Amphipol encapsulation PMAL-d was dissolved in chloroform (10 mg/mL) and added to the purified CIS/ZnS/DDT QDs dispersion in hexane to give a PMAL-d to QD molar ratio of 20:1 (unless otherwise stated). The solution was stirred vigorously 30 under argon flow for 2 hours and the solvent was evaporated overnight in the dark and at room temperature. Water was added and adjusted to pH 10 by drop wise addition of NaOH. The QDs were dispersed into water by ultrasonicating for 15 minutes.
CIS/ZnS/PMAL-d NP purification
The PMAL-d coated QDs 35 were filtered (pore size 0.2 µm) to remove large agglomerates. Free polymer was removed by four cycles of dilution followed by ultra-filtration using Centrisart I (20 kDa supplied by Generon) centrifuge tubes (see supporting information, Figures 1 & 2) . Dynamic Light Scattering and Zeta potential For dynamic light 40 scattering (DLS) experiments a Malvern Zeta Sizer-Nano SeriesZen 3600 was used. A minimum of six measurements was acquired for each sample. ranging from 0.01 to 100 µg/mL and incubated for a further 24 45 hours. Positive and negative controls were done by omitting the QDs and incubating with 100 M hydrogen peroxide, respectively. After incubation with the QDs in medium, either a WST-1 or MTT viability assay was performed. The WST-1 (Roche) was performed according the manufacturer's 
Spectrophotometry and spectrofluoro-photometry

Results and discussion
The synthesis procedure (see Experimental Section) resulted in CIS/ZnS/DDT QDs that were dispersed in hexane and CIS/ZnS/PMAL-d NPs that were dispersed in the aqueous phase rather than clusters (Figure 1c) . The hydrodynamic diameter of the CIS/ZnS/PMAL-d NPs was determined by dynamic light scattering (DLS) to be 13.7 ± 3.2 nm at neutral pH and was found to be constant over the entire pH range studied within experimental error (see supporting 30 information, Figure S3 ). The fluorescence intensity of the NP solution was monitored over the same range of pH (Figure 2a) . The relative intensity was found to be stable over a wide range of pH except for a narrow 10% dip in intensity close to neutral pH. At pH 11, the zeta potential of the QDs was measured to be 35 approximately -60 mV (Figure 2b) , and thus can be defined as a highly stable charged colloidal dispersion. At pH 3, the QDs were found to be positively charged with a zeta potential of approximately 50 mV, also indicative of a highly stable dispersion. As the pH tended towards neutral, the zeta potential 40 magnitude decreased with an apparent isoelectric point at approximately pH 7. This trend can be explained by the zwitterionic nature of PMAL-d. At high pH the carboxylic acid becomes deprotonated resulting in a net negative charge, whilst at low pH the tertiary amine become protonated resulting in a net 45 positive charge. However, at neutral pH, the electrostatic repulsion between NPs will be weak and the colloidal stability is lowered (with only steric hindrance of the thick polymer layer contributing) explaining the small decrease in relative fluorescence intensity observed (Figure 2a ).
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The CIS/ZnS/PMAL-d NPs were dispersed in aqueous solutions containing metal ions to determine whether specific ions caused fluorescence quenching. The only solution which caused significant quenching of the PL emission (approaching 50% for a 1mM solution) was Cu 2+ (Figure 3) . 55 Given that the optical absorption from Cu 2+ (in solution) overlaps with the QD fluorescence maximum (650-720 nm, see supporting information), it would be possible that the observed decay in fluorescence from the NPs was due to the emitted photons being absorbed directly by the Cu 2+ in solution, or that an energy 60 transfer process was occurring. However, if this were the case, the effect would be enhanced in the CIS/PMAL-d NPs, because their emission maximum is better matched to the Cu 2+ absorption band than the CIS/ZnS/PMAL-d NPs (see supporting information, Figure S4 ). In fact, the quenching effect is stronger 65 in the CIS/ZnS/PMAL-d NPs and therefore we can conclude that absorption by the Cu 2+ in solution produces a negligible contribution to the observed quenching. To investigate the mechanism behind the quenching effect further, static and dynamic quenching were modeled using the 70 Stern-Volmer relationship, 53 which describes a linear relationship between the concentration of the quencher and the relative decrease in fluorescence intensity. This relationship holds for CIS/ZnS/PMAL-d NP dispersions in the presence of low concentrations of Cu ions but not for high concentrations (Figure   75 4). Similar non-linear quenching is observed in systems where the quencher has limited accessibility to the fluorophore, 53 and can be modeled by considering a modified Stern-Volmer expression, (1) 80 where is the fluorescence intensity in the absence of the ; the core QDs displayed an order of magnitude lower sensitivity to Cu ions than the coreshell QDs. Quenching of QD fluorescence in the presence of Cu 2+ ions has 30 been observed for CIS QDs 54 as well as for other QD systems 55, 56 and the quenching mechanism is still under debate. Reports suggest that that the Cu 2+ ions can react with the ZnS surface of core-shell QDs creating Cu x S y , which lead to increased density of surface trap states. Another possible explanation is that Cu suggested that the observed CIS/ZnS toxicity at 100 g/mL can be attributed PMAL-d, although further studies comparing the cell viability of cells loaded with CIS/ZnS QDs encapsulated in a variety of polymers are needed to confirm this. It is likely, however, that all amphiphilic polymers will have some influence 80 on cell viability. The cytotoxicity of CIS/ZnS/PMAL-d NPs seems to be comparable to that of TGA coated CdTe/ZnS QDs. However, we note that the health concern with Cd-based QDs is not that they might cause acute toxic effects but that accumulation of Cd ions in the vital organs, as seen in vivo, may generate severe chronic toxic effects. 6 It is the chronic toxicity associated with Cd-based QDs which the development of Cd-free QDs such as CIS aims to avoid. Interestingly, the MTT assay shows a very distinct behavior 5 compared to the WST-1 assay (Figure 7) . At low concentrations of CIS/ZnS/PMAL-d NPs, viability seems to improve, which is partly caused by the PMAL-d. However, at higher concentrations, the viability seems to decrease in a two-step manner. Between 0.1-10 g/mL (the first step), viability is approximately halved, 10 while at 100 g/mL, a second 'step' in viability loss is observed. This is inconsistent with the WST-1, which shows full viability up to 10 g/mL. We note that in the MTT assay, the PMAL-d or QDs remain present in the MTT mixture during the assay and we propose that the discrepancy between the two assays is due to 15 artifacts induced by interactions between the NPs and the tetrazolium MTT dye or formazan, a phenomenon which has previously been reported in the literature for various nanostructures.
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Conclusions
20
High quality CIS/ZnS QDs were transferred to the aqueous phase by wrapping amphipols around the QDs. The method was optimized by monitoring the PL intensity and the spectral peak position whilst the QD:polymer molar ratio was changed. The hydrodynamic diameter of the resulting NPs was approximately 25 10 nm, which is significantly larger than the 4 nm for the hydrophobic DDT coated QDs. This is consistent with polymer encapsulated QDs suggesting that each NP consists of a single QD wrapped in polymer. Colloidal stability was promoted by the zwitterionic properties of PMAL-d; carboxylic acid groups 30 provide a large negative zeta potential at high pH and tertiary amine groups provide a positive zeta potential at low pH. This strong charge repulsion between the NPs rendered them stable in water between pH 2 and pH 12, with a minimum in stability at approximately neutral pH. The stability of the NPs in the 35 presence of various cations was investigated with only Cu 2+ producing a significant quenching effect. Because of the nonlinear relationship between quencher concentration and the relative decrease in fluorescence intensity, as well as the increased sensitivity of the CIS/ZnS/PMAL-d compared to 40 CIS/PMAL-d NPs, we conclude that the quenching mechanism is the formation of surface trap states as a result of the reaction between Cu ions and the ZnS surface, and that this process is limited by the thick organic layer of the polymer coating. The in-vitro effect of CIS/ZnS/PMAL-d NPs on HaCat cells was 45 assessed by means of an MTT assay and a WST-1 assay. The observed cell viability of the cells was dependent on the chosen assay; the MTT assay seems to artificially exaggerates the reduction in cell viability, probably due to an interaction between the NPs and MTT formazan crystals and similar to that observed 50 with CNTs by Wörle-Knirsch et al. 43 Our results reiterates that care has to be taken when interpreting 'classical' cell viability assays in the field of nanotoxicology and that multiple cell viability assays need to be compared, a practice that is more often than not disregarded in QD studies. 55 In conclusion, the encapsulation of CIS/ZnS QDs with PMAL-d produces water dispersible NPs that display excellent colloidal stability over a wide pH range, and comparatively low susceptibility to quenching by ions in solution (with the exception of Cu 2+ ). Although the inherently low toxicity of CIS QDs in 60 comparison to CdTe QDs is partly counteracted by the inherent toxicity of the PMAL-d, and these NPs are suitable for in vitro cell imaging and labeling at concentrations up to and including 10 µg/mL. In order to further develop this system towards in vivo or clinical applications, more work will be necessary to tune the 65 surface chemistry to reduce toxicity.
